Introduction
Single longitudinal mode (SLM) fiber lasers are highly desired due to the significant potential for use in various applications, ranging from optical sensing and wavelength division multiplexing (WDM) communications systems to interferometry, data storage, spectroscopy, and coherent signal generation. The attractiveness of SLM fiber lasers is in their output, which has very narrow linewidth and a high output power, thus making them particularly useful for applications requiring dense wavelength transmissions over long distances [1] [2] [3] [4] .
SLM fiber lasers typically employ etalon-like devices in the laser cavity as a part of their design, as well as various filters, such as cascaded microfiber knots filters (CMKFs) and tunable Fabry-Perot (FP) filters; as well as saturable absorbers (SAs), such as graphene [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . These approaches are all able to generate the desired SLM outputs, but each technique has various advantages and disadvantages. For instance, the use of etalons like FP filters, as demonstrated by Ahmad et al [9] , provides a wide tuning range, and the ability to obtain an SLM output with a very narrow linewidth. However, this comes at the cost of the SLM's increased fabrication cost and size, making it bulky and less than desirable for real-world applications. CMKF and SA-based SLM lasers on the other hand allow for compact SLM designs to be realized, but can be comparatively costly and difficult to fabricate.
In this regard, optical microfibers are highly potential candidates for SLM-based applications as they are inexpensive and relatively easy to fabricate [11] . As such, a compact coupled-microfiber Mach-Zehnder interferometer (CM-MZI) is proposed and demonstrated in order to attain SLM operation. A microfiber with a waist diameter of 1.54 µm is fabricated using the flame brushing technique, and is then further modified to form a compact CM-MZI. When inserted into a
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Single longitudinal mode laser generation using coupled microfiber Mach-Zehnder interferometer filter laser cavity, the CM-MZI acts as a narrowband filter to generate the desired SLM operation. The SLM output has a 3 dB bandwidth of 0.02 nm, and a signal-to-noise ratio (SNR) of ~50 dB. The SLM nature of the laser is verified using a radio frequency spectrum analyzer and photodetector to ensure no additional beating modes are present in the system.
CM-MZI fabrication
The production of the CM-MZI begins with the fabrication of an optical microfiber from a telecoms-grade single mode fiber (SMF-28) using the flame brushing technique, which is a commonly used technique and has been described in detail in other works [12] [13] [14] . Once the microfiber has been fabricated, it is cut into two parts, with one part being approximately three quarters of the microfiber's length and the other part accounting for the balance. The longer arm is then made to form a half-loop, as shown in figure 1, before being placed on top of the second arm as also illustrated in the figure. Once in contact, the two arms form an optical coupling, with the weak Van der Waals force of each arm holding them together.
The schematic of the completed CM-MZI assembly is shown in figure 2(a), while its physical structure is captured in figure 2(b), using a charge coupled device camera.
For the image captured in figure 2 (b), a 532 nm lasing wavelength is injected into the CM-MZI to trace the path of the fiber, and can be seen in the image captured in figure 2 To further ensure good contact and prevent separation, the MZI assembly is kept in a closely monitored environment that is free of vibration and temperature fluctuations. This is achieved by securing the assembly in an airtight and transparent casing, which is then placed onto a vibration free optical table. In addition to this, the environment is also kept at a constant 25 °C throughout this work.
The transmission spectrum of the fabricated CM-MZI is given in figure 3 .
From the figure, it can be seen that the incorporation of the CM-MZI follows the general amplified spontaneous emission (ASE) curve and creates a comb like structure. The peaks of the comb have a free spectral range of 0.38 nm, measured at a wavelength of 1541.53 nm. This comb like pattern is used as a filter to obtain the desired SLM operation. It should also be noted that the comb pattern also shows different periods at different comb regions. This is attributed to cladding mode interference in the MZI structure, whereby the extremely narrow waist of the tapered fiber arm in the MZI causes the generation of many cladding modes. The interference between these modes thus results in the different periods observed in the transmission spectrum [15] .
Experimental set-up
The experimental set-up of the proposed laser cavity is given in figure 4 . The cavity employs a 3 m long Fibercore M12-type MetroGain EDF as the gain medium, and is pumped by an Oclaro LC96A74P 980 nm laser diode with a Thorlabs CLD 1015 laser diode driver. The pump signal is injected into the cavity via the 980 nm port of a 980/1550 WDM, with the common port of the WDM connected to the 3 m long EDF. The output of the EDF is connected to an optical isolator, which ensures unidirectional signal propagation in the cavity and is then connected to the CM-MZI, which acts as a narrowband comb filter to isolate the SLM wavelength. A 95:5% optical coupler is used to extract a portion of the SLM output from the CM-MZI, while the 95% port of the coupler is connected to the 1550 nm port of the WDM, thus completing the optical circuit.
Characterization of the output signal is done using a Yokogawa AQ6370C optical spectrum analyzer (OSA) and a Thorlabs PM16-144 compact universal serial bus (USB) power meter with integrating sphere sensors in combination with a Thorlabs PM100USB USB Power and Energy Meter Interface.
Results and discussions
The output from the proposed cavity, with and without the incorporated CM-MZI, is measured by the OSA as shown in figure 5(a) .
It can be clearly seen from the figure that the introduction of the CM-MZI into the laser cavity causes the laser bandwidth to narrow significantly, with the 3 dB bandwidth reducing from 1.0 nm to 0.02 nm. This can be attributed to the CM-MZI acting as an optical filter and suppressing mode-competition and mode-hopping within the EDF, allowing for SLM operation [9, 16] as shown in figure 5(b) . Furthermore, the incorporation of the CM-MZI results in the lasing wavelength experiencing a blue-shift, which is attributed to the shift of the gain profile to compensate for the loss induced by the insertion of the CM-MZI into the laser cavity [17, 18] . In order to verify SLM operation, the output signal of the laser is connected to an Anritsu MS2683 radio frequency (RF) analyzer which has operating range of 9 kHz-7.8 GHz using a through a Thorlabs D400FC InGaAs high-speed photodetector [4, 10] . The results of the RF analysis are given in figure 6(a) , and from the spectrum it can be seen that only the longitudinal mode manifests itself across the frequency domain. The absence of other modes in the frequency spectrum of figure 6(a) indicates that the laser is operating in the SLM regime. The stability of the SLM operation is also measured with the RF analyzer over a period of 60 min, at 6 min intervals as shown in figure 6 (b), and at a pump power of 122.2 mW. It can be seen that the RF output of the laser is highly stable, with little to no fluctuation in the frequency or intensity. Furthermore, no other beating modes were observed during the time period, further validating the stability of the SLM output.
The output laser spectrum is also measured at increasing pump powers, as shown in figure 7(a) . The pump power is raised from 8.8 mW to 183.3 mW, and in each case the 3 dB bandwidth of the measured spectrum is observed to be approximately 0.02 nm, indicating a consistent SLM output at each pump power. The spectrum obtained at a pumping power of 122.2 mW is shown in figure 7(b) . In this case, the 3 dB bandwidth is seen to be 0.02 nm, with an SNR of approximately 50 dB.
The stability of the laser is also measured in the optical domain at a pump power of 122.2 mW, in three min intervals over a period of 60 min. The stability of the laser spectrum is shown in figure 8(a) , while the fluctuation of the peak spectral wavelength and power is summarized in figure 8(b) .
In general, a wavelength fluctuation of less than 0.02 nm is measured, with a 0.15 dB power fluctuation being observed in the peak powers of the measured spectra. As the external environment has been kept in a constant state, thus the minor instability observed could be a result of the 980 nm pump power fluctuation as well as possible temperature variance which affect the cavity loss, as a result causing the heating of the fiber as the laser signal propagates through it [18] . The highly stable laser output makes the proposed laser highly suited for a wide variety of real-world photonics applications.
Conclusion
In this work, an SLM-EDF laser using a compact CM-MZI filter is proposed and demonstrated. The CM-MZI device is fabricated from a standard single mode fiber and used as a filter to attain SLM operation. The CM-MZI acts as an optical filter, allowing stable SLM operation over a range of pump powers with minimal variation in peak wavelength and output power of less than 0.02 nm and 0.15 dB, respectively. The proposed structure is highly cost-effective and simple to fabricate and can also be easily integrated into the fiber laser cavities. It is believed that the CM-MZI structure based SLM laser has significant potential for future narrow coherent laser applications.
